Abstract
were classified morphologically into VV, vw&wv, and ww, representing the putative parental 23 and suspected hybrid types. Their maternal bloodlines were identified using a phylogenetic 24 tree based on a region of the mitochondrial 16S rRNA gene. Results. In the mitochondrial DNA tree, most of the VV were in the same clade as the 32 reference F. quadranus, labeled as Q, while most of the ww and vw&wv were grouped with 33 the reference F. taihangnica, labeled as T. According to the PCA, there was a clear 34 differentiation between VV and ww, while vw&wv specimens were in the middle area close 35 to ww. According to the LDA, VV, vw&wv, and ww were clustered into three separate 36 groups. An ambiguous differentiation between Q and T was shown both in mtDNA tree and 37 in multivariate analyses. Seven of the specimens with conflicting classifications blurred the 38 morphological boundary between Q and T. In both the PCA and LDA, indices that were 39 based on the extent of bumps and skin coloration discriminated VV, vw&wv, and ww better 40 than ratio indices that were derived from measurements. 96 According to our field observations and to relevant references (Liu, Hu & Yang, 1960; 97 Fei, 1999; Huang, Gong Yang, 2011; Zhang et al., 2012) , the living habits of frogs among the genus Feirana are indistinguishable. They inhibat, and are basically limited 99 to, waterbodies, such as creeks, brooks, streams, and rivers in mountainous areas at altitudes 100 of 500 m to 2,500 m. They prey, hibernate, and breed mostly in water, and are hardly seen on 101 the land unless there is enough rain or moisture. 102 Underwater hibernation varies with the local climate, but takes place in October and 103 November, and resumes in March and April, with breeding occuring from April to early June. 104 Spawns are often found under large stones in sun-exposed, slow-flowing and shallow stream 105 sections (Zhang et al., 2012) . Consistent with ecological observations, physiological studies 106 on the ovaries (Lei, 2003) and testes (Li, 2003) (Song, 2010) , with some resembling F. quadranus or F. taihangnica, and some having traits 138 of both species (Fig. 2) . 139 The purpose of our study was to find evidence through a morphological analysis to 
Living and breeding habits

Sampling
144
The Feirana specimens used in this study were collected during fieldwork in the early 145 summer (May to July) between 2009 and 2011. They were mostly captured by electrofishing 146 in the daytime, and by bare hands at night. Artificial hybridization in the lab failed because 147 the frogs failed to survive long enough. Hence, we had 117 specimens.
148
All of the eight sampling sites were located in the contact zone between F. quadranus 149 and F. taihangnica (Fig. 1, Table1) shape; and the vents of the male adults are swollen ( Fig.2A) .
184
Typical traits of F. taihangnica:
185
The trunk appears wider than the head; the back has brown, yellow and black spotted, 186 like a mosaic of light and shadow created by waves and ripples (Fig. 2E) have an inverted V-shaped black spot at that position; some frogs labeled as "vw" look like
197
"VV", only without granular bumps above the anus (Fig. 2C) ; and some labeled as "wv" ( "VV" and "VV+" were both noted as "VV", and "vw" and "wv" as "vw&wv", representing 201 putative parents and suspected hybrids, respectively.
202
Out of 117 specimens, 110 produced morphological results. XYB117-123, which were 203 newly metamorphosed frogs, were too young to be morphotypically identified (Table 1) . minimum-evolution, (unweighted pair group with arithmetic mean and maximum-parsimony, 235 were tested.
236
The tree shown ( Fig. 3 ) was inferred by ML using the best model (K2+G) estimated to 237 have the lowest Bayesian information criterion value (Schwarz, 1978 between and within groups were estimated. The number of base differences per site from the 247 averaging over all of the sequence pairs between and within groups are shown (Table S1 ).
248
Standard error estimates (s.e.) were obtained by a bootstrap procedure with 500 replicates. All 249 of the positions with less than 95% site coverage were eliminated. That is, fewer than 5% 250 alignment gaps, missing data, and ambiguous bases were allowed at any position. There were indices, remained for analysis (Table S3-Table S5 ). In Excel 2011 for mac, profiles of the p-values for the five sets in Table S4 were plotted.
325
P-values were ordered from highest at the bottom, to lowest at the top), and a logarithmic 326 scale with base 10 was applied to the y axis to magnify the high-degree differences 327 represented by p-values near 0, and minimize the low-degree differences represented by 328 p-values near 1 (Fig. 4) . T-VV, and ww) (Fig. 5F ). The function "prcomp" with "scale = TRUE" was used for the 
338
Considering the possible sexual dimorphism, the females ( Fig. 5A; Fig. 6A ) and the 339 males ( Fig. 5E; Fig. 6E ) were analyzed separately, as well as together ( Fig. 5B, F; Fig. 6B, F) .
340
The independent impacts of ratio indices ( Fig. 5D; Fig. 6D ) or extent indices ( Fig. 5H; Fig.   341 6H) on the PCA and LDA were explored.
342
To test the reliability of the morphotype-based classifications, morphotypical information 343 was simulated in two ways using falsified data sets from two populations (see Table S2 ).
344
Based on the real data, for the first simulated population, we changed a small proportion of 345 VV into vw&wv and a small proportion of ww into vw&wv or VV, and remixed the original 346 vw&wv with all three types ( Fig. 5C; Fig. 6C) ; for the second simulated population, the three 347 morphotypes (VV, vw&wv, and ww) were randomly assigned to specimens ( Fig. 5G; Fig.   348 6G). 
16S
364
The applications of several statistical methods produced similar phylogenetic trees. The 365 ML tree with the highest log likelihood (-1398.4472) is shown (Fig.3) 5E ) and total specimens (Fig. 5B) , most of the wv&vw are mixed with ww, or in the 379 area between ww and VV, and a small proportion are mixed with VV. In females (Fig. 5A) , 380 limited samples of vw&wv are near the borderline of the ww zone.
381
The incomplete differentiation between Q and T is shown by the genetic classification 382 (Fig. 5F ). The three border-crossers, HRP108, HDT106, and HDT110, being genetically T, ambiguous zone between Q and T (Fig. 5F ). The positions of the four specimens in the multivariate spaces of females (Fig. 5A) Based on the LDA, VV, vw&wv, and ww are clustered into three separate groups in both 394 females (Fig. 6A) and males (Fig. 6E) . The differentiation between vw&wv and VV or ww is 395 less complete in total specimens (Fig. 6B) .
396
Similar to the PCA results, extent indices differentiate the three morphotypes more 397 completely than the ratio indices (Fig. 6D, H) . 
Analyses for importance of indices
405
A full version of heat-maps are shown in Fig. S2 .
406
In the LDA, it seems that, to discriminate three morphotypes or five morphotypes from 407 the total specimens, finger lengths and other length indices were the most contributive 408 characters ( Fig. S2E-H excluded, leaving only 27 ratio indices, the three morphotypes could not be easily 415 distinguished (Fig. 6D) ; or when the 27 ratio indices were excluded, leaving only the seven 416 extent indices, the distribution pattern of three morphotypes stay the same (Fig. 6H ). The weighted rotation matrix of seven extent indices is shown for the first two PCs 426 (eigenvalues > 1), accounting for 63.80% of the variation (Fig. 7B) . VBE, the extent of 427 bumps in the shape of an inverted "V" between the shoulder blades; BSE, the extent of spots 428 on the back; and BBE, the extent of big bumps above the anal region, account for most of the 429 PC1 variance, which clearly differentiated the three morphotypes (Fig. 5H) . 
462
The expected pattern is presented in the multivariate space of the first two PCs of the 463 PCA (Fig. 5A , B, E, and H) and of the first two LD functions of the LDA (Fig. 6A, B In the morphometric analysis, vw&wv are often intermixed with ww (Fig. 5A, B, E) . In 475 particular, when excluding the seven extent indices, leaving only 27 ratio indices, which were 476 derived from measured characteristics (see 2.4.1), vw&wv were completely intermixed with 477 ww (Fig. 6D) . However, when leaving only the seven extent indices, which describe typical Although morphological evidence has historically been used in studies of hybridization and introgression (Rieseberg & Wendel, 1993) , as Hubbs (1955) F . q u a d r a n u s F . k a n g x i a n e n s i s F . t a i h a n g n i c a R a n a r u g o s a F . q u a d r a n u s F . k a n g x i a n e n s i s F . t a i h a n g n i c a R a n a r u g o s a 
